The pressure-flow characteristics of 100 left circumflex stenoses in 10 chronically instrumented unsedated dogs were studied under resting conditions and during pharmacological coronary vasodilation. At rest, the pressure loss (AP) due to a stenosis and arterial flow velocity (V) were related by the equation, AP = FV + SV 2 , where F is the coefficient of pressure loss due to viscous friction in the stenotic segment and S is the coefficient of pressure loss due to flow separation at the diverging end of the stenosis. The linear term due to viscous friction accounted for 65% and the nonlinear term due to flow separation accounted for 35% of the total pressure loss at resting coronary flow. At peak coronary flow after coronary vasodilation, the pressure loss due to viscous friction accounted for 33% and pressure loss due to flow separation accounted for 67% of the total pressure loss. The pressure gradientvelocity relationship at high flows was characterized by the same general equation but with proportionately larger values of the coefficient S and therefore greater pressure loss associated with flow separation than predicted by the resting gradient-velocity relationship. The pressure loss predicted for high coronary flow velocities on the basis of the gradient-velocity equation at rest was only 64% of the actual experimentally observed pressure gradient at peak coronary flow. The augmented separation loss following coronary vasodilation probably was due to dilation of the epicardial artery adjacent to the fixed stenotic segment which caused more severe relative percent narrowing and a larger divergence angle at the distal end of the stenosis, the primary geometric determinants of separation losses.
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THE EXPERIMENTAL and clinical study of coronary stenosis is hampered by the absence of good criteria for defining the hemodynamic severity of coronary lesions. Correspondingly, currently there are no means to compare stenoses of differing severity and shape, in coronary arteries of different size or under different hemodynamic conditions such as high flow as opposed to low flow when effects of a stenosis are less significant. Coronary arteriography has several limitations such as interobserver and intraobserver variability in the interpretation of results, 1 " 4 poor correlation with postmortem or surgical assessment of severity, 5 ' 6 the use of relative percent diameter stenosis as a measure of severity without accounting for other and often critical geometric characteristics such as stenosis length, absolute diameter, divergence angles (degree of streamlining), and eccentricity which may have equal or greater effects on pressure and flow than relative percent narrowing. 7 " 12 Limitations also derive from the effects of multiple, long, or irregular stenoses, particularly those with poststenotic dilation which have cumulative effects on resistance to flow, pressure gradient, and flow reserve 13 " 16 but are difficult to evaluate on arteriograms.
Reports describing quantitative analysis of coronary ar-teriograms using fluid dynamic equations show promise, 17 but the equations upon which the arteriographic analysis is based have not been validated in experimental animals.
Because of these problems, this study was undertaken to determine whether the fluid dynamic equations describing the relationship between flow velocity in an artery and the pressure loss or gradient due to an arterial stenosis as reported by Young et al. 12 were applicable to vasoactive coronary arteries in intact, unsedated dogs and could therefore serve as a means of experimentally defining stenosis severity. Intact unsedated, chronically instrumented dogs were used in this study because of the effects of anesthesia and thoractomy on heart rate (particularly as tachycardia alters the phasic characteristics of coronary flow), on the reflex mechanisms controlling vasomotor tone of the proximal arterial or distal arteriolar circulation, on the force of myocardial contraction which causes systolic deceleration of coronary flow, and on myocardial relaxation which causes diastolic acceleration of flow. Although the coronary anatomy of the dog differs from that of man in some respects, this study of pressureflow relationships deals with basic principles of fluid dynamics that are not species specific.
Methods

Surgical Preparation
Ten Labrador or short-haired hounds weighing 22-28 kg were anesthetized with intravenous sodium thiopental and methoxyflurane. Through a sterile, left thoracotomy, the left circumflex coronary artery was dissected free and a Doppler flow transducer was placed around the proxi-mal circumflex artery. Two millimeters distally a salinefilled, circumferential balloon constrictor was sutured in place. A small tapered Tygon catheter was inserted in the distal main circumflex artery before major branches. Similar catheters were implanted into the root of the aorta, the left atrium, and the pulmonary artery. Dogs were treated with 100 mg of dipyridamole and 600 mg of aspirin for 2 days preoperatively and for 10 days after surgery to prevent formation of platelet clots on the catheters in the postoperative period. After 10 days, those drugs were discontinued without ill effects or malfunction of catheters which were flushed daily, filled with heparin, and stoppered with obturators made from 19-gauge needles cut off at the tip and filled with Silastic. In four of the 10 dogs, a coronary catheter was implanted at the origin of the left circumflex artery for the injection of contrast media, to obtain coronary arteriograms of the stenosis.
Implanted Instruments
Doppler flow velocity transducers were made from lead titanate-zirconate piezo ceramic soldered to stainless steel coaxial cable and mounted in cast epoxy with air backing. The transducer then was coated with Parylene C by vapor phase deposition (Nova Tran Corp.) to insulate the transducers against body fluids and with Silastic to protect against mechanical abrasion. A continuous wave directional Doppler transducer (L and M Electronics) operating at 8-9 mHz was used to measure instantaneous, mean cross-sectional flow velocity. Each transducer was calibrated on shrink tubing through which dog blood flowed under constant pressure. Volume flow, F, was measured with graduated cylinder and stopwatch. Mean cross-sectional velocity, V, was calculated from the equation, V = F/A, where A was the cross-sectional area of the lumen of the shrink tubing. The voltage output of the Doppler was measured for at least 15 points over a range of flow from zero to 156 cm/sec and the calibration factor calculated as cm/sec per volt output. The L and M Doppler with these transducers was linear from zero velocity up to the maximum measured value of 156 cm/sec (600 ml/min through a 3-mm i.d. tube) with maximum Doppler shifts of up to 12 kc. The calibration factor expressed in units of cm/sec per volt output of the Doppler for any given transducer was the same for large tubing (3 mm i.d. X 3.54 mm o.d.) as for small tubing (2 mm i.d. X 2.4 mm o.d.). Signal-to-noise ratios of 50:1 to 100:1 were obtained by measuring the audio output of the Doppler on an RMS voltmeter during flow (at 7.5-kc shift) and with no flow.
Catheters for implantation were made from Tygon microbore tubing, custom ordered to 0.025 inch i.d. X 0.04 inch o.d. (Norton Plastics), dipped in oil heated to 140°C, drawn to a taper, cooled on dry ice, and cut to fit snugly over a 25-gauge needle. A 3-cm long section of this tapered tubing was welded with cyclohexanone to a 2.5-inch section of larger tubing, 0.04 inch i.d. x 0.15 inch o.d., and a 4-inch 25-gauge needle was inserted through the tubings so that the needle tip projected 1 mm beyond the tip of the tapered small catheter. This Tygon tip was further beveled by sanding the plastic temporarily frozen with liquid nitrogen. A slanted 1-mm long Tygon cuff was welded to the small tubing 3 mm from the tapered end for coronary catheters; for aortic, left atrial, and pulmonary artery catheters, this cuff was 1.5 cm from the tip. At surgery, the needle and catheter were thrust through the arterial wall with a twisting motion up to the cuff and secured to the adventitia of the artery with a 6-0 silk suture previously passed through the Tygon cuff. The needle then was withdrawn, the tubing flushed with saline, clamped with a rubber-shod hemostat, wiped dry with a gauze sponge, and welded with cyclohexanone to a 60-cm section of the larger tubing for exiting from the chest. After 1 minute drying time, this joint was strong enough to withstand aortic pressure. Blood was then aspirated to remove any residual cyclohexanone and the catheter flushed and filled with heparin. There was no bleeding site with this technique since there was no arteriotomy or exit hole in the artery.
Experimental Procedure
Dogs were trained to lie quietly on a table and experiments were begun 2 weeks postoperatively when resting heart rates had fallen to 60-80 beats/min and resting mean aortic pressure was 65-85 mm Hg. Aortic and coronary pressures distal to the constrictor were measured with Bio-Tec BT-70 pressure transducers, and differential pressures were recorded simultaneously, using a differential pressure gauge (National Semiconductor Corp., part no Lxl701D) mounted in a plastic manifold to which the BT-70 transducers were also attached. Needle obturators, stopcocks, and plastic parts were filled by immersion under sterile saline in a vacuum chamber to remove micro air bubbles and maximize frequency response. The response of the Bio Tec catheter manometer systems was flat (±5%) to 15 Hz with debubbled saline and that of the differential guage with two simultaneous pressures applied to catheters used for implantation was flat to 30 Hz. For each experiment, pressure calibrations were recorded with 100 mm Hg pressure applied to the aortic, coronary, and differential transducers at the beginning, middle, and end of each study. The implanted catheters faced downstream and therefore did not record idealized "lateral" pressure in the coronary artery. However, at resting flow velocities of 20 cm/sec, the estimated error due to recording "downstream" absolute pressure would be only 0.2 mm Hg and, during maximal flow velocities of 70 cm/sec, the estimated error in recording absolute downstream pressure would be only 1.9 mm Hg. These estimated errors were based on the equation, Vi p V 2 -s-1333, when p is the density of blood, V is flow velocity, and 1330 is the conversion factor from dynes/cm 2 to mm Hg. 7 " 9 Since both aortic and coronary catheters faced downstream, the pressure difference between them would contain at most a 1 mm Hg error due to recording downstream pressures. Recordings were made on an Electronics for Medicine DR-12 with a direct writer.
After a 10-minute rest period in a darkened room, flow and pressure calibrations and baseline control recordings were made of the electrocardiogram, coronary flow velocity, aortic, coronary, and differential pressures. The coronary constrictor was then expanded with saline under pressures up to 2000 mm Hg (40 psi) depending on the VOL. 43, No. 2, AUGUST 1978 severity of stenosis desired. The expansion pressure was held constant at the chosen level by a water-sealed ball valve in line with an automatic pressure regulator attached to a compressed air source. During the first 30 minutes after inflation of the constrictor, the stenosis tended to drift and become less severe despite constant inflation pressure. This early stenosis drift probably was due to the squeezing of fluid out of the tissue between the arterial wall and the constrictor. After 30 minutes of adjustment, the stenosis remained stable at whatever severity was selected. A dose of 0.5 ml of papaverine in a concentration of 2.0 mg/ml then was injected through the coronary catheter to produce transient increase in flow while phasic pressures and flow were recorded. After flow had returned to the baseline value, a stenosis of selected severity was applied and these steps repeated. Over a period of 4-6 weeks for each dog, data were obtained over a range of coronary constrictions from no stenosis up to narrowing severe enough to reduce resting coronary flow.
In four dogs, coronary arteriograms of stenoses were obtained at rest and during coronary vasodilation by injecting Hypaque-M, 75%, into the coronary catheter while triggering exposure of a single spot film from the electrocardiogram at end diastole. Exposures were at Vm second, 200 mA, at 90-100 kV using Ultra Detail phosphor Radelein cassettes and Ultra Detail, Cronex 7, Dupont xray film and a General Electric Maxiray 100 x-ray tube with a 0.6-mm focal spot and a 22-inch tube-to-film distance.
Data Analysis
Recordings of differential pressure and flow were traced on a Grafpen GP-2 ultrasonic digitizing tablet and processed in a PDP-8 computer. The coronary flow velocity and pressure difference between aorta and the distal main circumflex (pressure gradient) due to a stenosis were digitized into 100 pressure points and a corresponding 100 velocity points for each cardiac cycle and processed by a digital filter, using the method of central differences. The digital filter was equivalent to a low pass filter flat to 15 Hz and having linear roll off from 15 to 30 Hz (-40 db down at 30 Hz with no phase shift). During each cardiac cycle, the pressure gradient and flow velocity were correlated by a quadratic equation having the general form AP = FV + SV 2 , where AP is the pressure loss in mm Hg, V is coronary flow velocity in cm/sec, F is the coefficient of pressure loss due to viscous friction, and S is the coefficient of pressure loss due to flow separation or localized turbulence downstream from the stenosis (see Appendix). For single heart cycles, we determined the constants F and S which best fit this general equation to the experimental data by computer, using a general purpose curve-fitting algorithm previously described. 18 Three to six heart cycles for flow ranging from resting control to peak flow during pharmacological vasodilation were analyzed for each stenosis.
Results
The pressure-flow characteristics of 100 left circumflex stenoses were studied. Figure 1 shows examples of the pressure and velocity recordings in the presence of a mild, fixed coronary stenosis under control baseline conditions and during the increased flow produced by selective coronary vasodilation. Under control conditions, the pressure gradient was small and the velocity recording showed the characteristic phasic pattern of coronary flow. During coronary vasodilation following intracoronary injection of papaverine, the gradient became more severe as flow increased. The phasic pattern of coronary flow in the presence of a fixed, constant stenosis became damped during peak flow after a vasodilatory stimulus. Systolic flow increased proportionately more than diastolic flow until there was little phasic variation. As the response to vasodilatory stimulus subsided, the phasic changes returned to the resting pattern. The minor fluctuations that appear to be "noise" in flow velocity tracings are inherent in Doppler recordings of blood flow even with very high quality tracings, as shown here from transducers having signal-to-noise ratios of 50 or 100 to 1.
Coronary flow velocity and aorta-to-coronary differential pressure showed characteristic phasic patterns. In early systole, distal left circumflex coronary pressure rose slightly before aortic root pressure, thereby producing a sudden momentary pressure reversal, with coronary pressure being higher than aortic pressure. Immediately thereafter, coronary flow velocity fell with the typical early systolic phasic pattern due to systolic myocardial compression of the coronary capillary bed. In the presence of a stenosis, this momentary, early systolic drop or reversal of aortic-coronary pressure gradient always preceded the systolic deceleration of coronary flow. In late systole and very early diastole, as myocardial compression ended, coronary flow increased rapidly during a phase of flow acceleration. In midsystole and throughout diastole, these sudden decelerative and accelerative changes in flow were absent.
During progressive coronary constriction under resting conditions, diastolic flow decreased and systolic flow increased until the characteristic phasic pattern of coronary flow was damped out with little fall in mean flow. Further constriction caused a fall in mean flow. When mean flow was reduced to half or less of control values, the phasic pattern of coronary flow resembled that of aortic pressure with systolic flow being higher than diastolic flow. Figure 2A shows the primary recordings and Figure 2B shows a typical example of the relationship between coronary flow velocity and the pressure gradient due to a stenosis under resting conditions. Throughout diastole and midsystole, the relation followed a curve of the general form AP = FV + SV 2 . During systolic deceleration, the pressure gradient was proportionately lower than flow, compared to the rest of the cardiac cycle. An early systolic decrease in the pressure gradient preceded the systolic fall in flow, and the gradient even became negative or reversed momentarily (coronary pressure greater than aortic root pressure), thereby producing a downward directed "tail" (dotted lines) at the lower, left end of the plotted curve. During diastolic acceleration, the pressure gradient increased before flow increased and was therefore proportionately larger than flow, compared to the rest of the cardiac cycle. This increase in the pressure gradient in late systole and early diastole preceded the EKGl FIGURE 1 Recordings of coronary flow velocity, aortic pressure, and coronary pressure distal to a stenosis and the aorto-coronary differential pressure gradient (bP) under resting baseline conditions (upper left) and during coronary vasodilation at onset (upper right), at peak (lower left), and after peak vasodilation (lower right). During vasodilation, flow velocity increased, the phasic pattern of coronary flow became damped, and the pressure gradient, AP (aortic pressure minus distal coronary pressure), increased. Momentary gradient reversal with coronary pressure higher than aortic pressure characteristically occurred in early systole. increase in flow until reaching peak values of flow at the upper, right end of the plotted curve. Consequently, the acceleration phase appeared as an open "loop" (dashed lines) extending from late systole at the lower left to early diastole at the upper right of the plotted curve.
The deceleration tail and acceleration loop were due to the inertia of coronary blood flow and were therefore more dependent on strength of contraction, heart rate, and epicardial artery compliance than on severity of stenosis. The purely fluid dynamic character of the stenosis, i.e., the pressure gradient-velocity relationship of the stenosis without the extraneous effects of deceleration and acceleration, is shown in Figure 2C , in which the data points during decelerative and accelerative phases of the cardiac cycle were manually edited out and discarded. The distortion of the gradient-velocity relationship by these inertial factors was marked for short cardiac cycles (tachycardia) having a narrow range of pressure and velocity data. All subsequent data presented here consist of passive pressure gradient-velocity relationships with the accelerative and decelerative phases of systole eliminated. Figure 3 shows the pressure gradient-velocity relationship for each of a series of cardiac cycles ranging from resting coronary flow up to maximum flow for one fixed stenosis in one dog. During vasodilation and the transient increase in flow following intracoronary papaverine, this relationship became steeper than at rest due to a larger coefficient of separation, S. In other words, the anatomically fixed stenosis became hydraulically more severe during vasodilation with markedly greater pressure loss at any given velocity than would be predicted by the resting equation.
The probable reason for this worsening of the pressureflow characteristics of the anatomically fixed stenosis is that the normal coronary artery just distal to the stenosis dilated and became larger while the stenotic segment remained fixed. Therefore, the relative percent stenosis and the exit angle became more severe during vasodilation of the normal segment of the artery. Relative stenosis and exit angle are major determinants of the separation coefficient, S. Therefore, with vasodilation and an increase in coronary flow, the relative stenosis became more severe, the separation coefficient became larger, and the gradient-velocity curve became steeper. This point is shown conceptually in the schema of Figure 4 end of the lesion increased from approximately 9° to 25°. Seventeen coronary arteriograms in the four dogs with proximal coronary catheters showed similar changes following coronary vasodilators. The average increase in coronary diameter after coronary vasodilators was 36.8 ± 10.4% over the resting control value. The control arteriograms of the resting nonvasodilated coronary artery were recorded within 1 second of injection and thus before the contrast medium itself caused vasodilation, previously shown to occur 6 seconds after injection. 13 
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The effect of vasodilation on the gradient-flow characteristics of a stenosis was observed in all of the dogs in this study with all of the vasodilator agents tested, specifically, intravenous dipyridamole and intracoronary contrast medium, papaverine, or adenosine triphosphate. For all stenoses in all dogs considered together, the average value of the separation coefficient, S, at rest was 0.009 ± 0.015, whereas the average peak value of S during vasodilation was 0.02 ± 0.02, a highly significant difference (P < 0.001). The relatively wide standard deviation is caused by averaging values for mild, moderate, and severe stenoses together.
These results indicate that no single cardiac cycle characterized all of the gradient-velocity relationships occurring over the entire range of flows during coronary vasodilation. Even though the stenotic segment was fixed and constant, the overall functional geometry of the stenosis in vivo was dynamic due to vasodilation of the epicardial coronary artery adjacent to the fixed stenotic segment. The hemodynamic characteristics of the fixed coronary stenoses thus varied under different physiological states. However, the changes were systematically related to vasodilation and therefore to the increase in coronary flow. The geometric effect of vasodilation could therefore be empirically incorporated into a third term added to the hydraulic equation, as shown in the Appendix. The pressure gradient-velocity relation over the entire range of flows during coronary vasodilation was described by the equation, AP = FV + SV 2 + D (V/V r -l)V 2 , where F and S are coefficients of the resting control beat as described previously; V/V r is the ratio of velocity during vasodilation to resting velocity; and D is termed the dilation coefficient and describes the additional pressure loss due to increased flow separation associated with the altered stenosis geometry during vasodilation. Values for all coefficients were experimentally determined as follows: F and S were determined from the resting baseline cardiac cycle as shown in Figure 2 velocity of the resting cardiac cycle were then substituted in the above general equation, complete except for the value of the coefficient D. The value of D which best fit this equation to the pressure flow data of three to five cardiac cycles ranging from resting to maximum flow during vasodilation was then empirically determined by a curve-fitting algorithm with a computer. The final result was a composite equation, as shown by the solid heavy lines in Figure 6 , with three known coefficients by which the measured pressure gradient was correlated with any corresponding measured velocity within the physiological range. The equation defined any stenosis without having to know or measure the geometric characteristics of the stenosis. The entire third term described the additional pressure loss due to increased flow separation which occurred during vasodilation. At resting levels of flow (i.e., no vasodilation), V/V r equaled one and the third term became zero with a simple quadratic equation remaining which characterized the resting cardiac cycle. In some dogs, the coefficient D was larger than for other dogs, or was larger in a dog after one vasodilator (papaverine, dipyridamole) than with a different vasodilator (contrast medium) with a fixed constant stenosis. Thus, as might be expected, there was biological variation in the degree of epicardial artery dilation depending on physiological conditions and the individual dog. Figure 6 also shows an example of the gradient-velocity relationship from each dog in order to demonstrate the consistency of these findings. Figure 7 illustrates for a stenosis in one dog that the pressure gradient-velocity relationship at resting coronary flow failed to predict the pressure gradient at peak flows during coronary vasodilation. For all 100 stenoses in all dogs, at peak flow the pressure gradient expected on the basis of the resting gradient-velocity relationship only was 64 ± 14% (P < 0.001) of the actual pressure gradient found experimentally. Over and above the pressure loss due to friction and flow separation at rest, the additional pressure loss due to increased flow separation associated with altered stenosis geometry during vasodilation accounted for 36 ± 15% (P < 0.001) of the total pressure gradient at peak flow. The standard deviations are due primarily to averaging data from mild, moderate, and severe stenoses together.
With progressive stepwise stenosis, there was a family of pressure flow curves and equations in which the coefficients of friction (F), separation (S), and augmented separation during dilation (D) became progressively more severe for each stenosis applied. Figure 8A shows for one dog such a family of curves ranging from no stenosis (lowest curve) to a very severe stenosis (upper curve) which reduced mean resting coronary flow to 85% of control. The friction coefficient (first term) and the resting separation coefficients (second term) of each equation increased steadily with progressive stenosis. The dilation coefficient or third term, which indicated the increased separation losses during vasodilation, was negligible or zero with mild arterial narrowing but became larger during progressive constriction up to very severe stenosis which reduced resting coronary flow and damped the VOL. 43, No. 2, AUGUST 1978 phasic flow pattern. At that point, the third term again became negligible since, with stenosis severe enough to reduce resting blood flow, phasic patterns were damped out and coronary flow increased very little or not at all after vasodilation.
To analyze statistically all stenoses from all dogs together, the continuous spectrum of curves ranging from no stenosis up to stenosis which reduced resting flow were divided into arbitrary categories shown in Figure 8B as mild, moderate, and severe stenoses. For each of these categories, Table 1 shows average values of the coefficients of friction (F), of separation (S), and of augmented separation during dilation (D). There is a progressive increase in pressure losses due to each of these factors as stenoses become more severe. The last column shows the projected pressure gradient (AP) expected at peak velocity during coronary vasodilation on the basis of the resting gradient-velocity relationship without including augmented separation losses during vasodilation. This projected AP is expressed as a percent of the observed AP. For example, at peak flow, the projected AP from the resting gradient-velocity equation alone was only 61.8 ± 14.3% of the observed AP for the mild stenoses. Thus, the balance, or 39.2% of the observed AP was due to augmented separation pressure loss associated with altered stenosis geometry during coronary vasodilation. Table 2 shows values of resting flow velocity and pressure gradient as well as peak flow velocity and pressure gradient following coronary vasodilators. Also shown are values of the separation coefficient, S, at rest and after vasodilators. The ± sign indicates ± one standard deviation. P values show significance of differences between resting and peak values.
For all stenoses in all dogs, the relative proportion of pressure losses due to viscous friction and to flow separation was different at resting as opposed to peak coronary flows. At resting flows, the first term of the equation describing pressure loss due to viscous friction accounted for 65 ± 23% of the total resting pressure gradient (P < 0.001) and the second term due to flow separation accounted for 35 ± 23% of total pressure loss (P < 0.001). At peak flows during coronary vasodilation, the viscous loss or first term decreased to 33 ± 17% of total peak pressure gradient (P < 0.001), whereas total separation losses, or the second and third terms together, increased to 67 ± 17% of the total (P < 0.001). The standard deviations are due primarily to averaging data from mild, moderate, and severe stenoses together.
Discussion
Young et al. 10 " 12 have shown that the pressure loss, AP, is related to the flow velocity, V, through a stenotic tube according to a general equation which may be written in simplified form as AP = FV + SV 2 , where F isthe coefficient of pressure loss due to viscous friction and is dependent on the length, relative percent stenosis, and absolute diameter of the stenosis; S is the coefficient of pressure loss due to flow separation and is dependent on relative percent stenosis and divergence angle of the stenosis; V is the first power of instantaneous, mean crosssectional flow velocity; and V 2 is the second power of velocity. An additional term was added by Young in order to account for inertial losses associated with pulsatile flow. 1112 However, the inertial effects were small for stenoses above 50% diameter narrowing and, as shown here, are more complex in the coronary circulation. Young's equations were shown to be applicable in a semiin vivo model in which a machined, plastic "stenosis" plug was inserted into the femoral artery of anesthetized dogs. The predicted pressure loss was accurate to within ±16% of true measured pressure loss. 12 Furthermore, localized turbulence or flow separation was shown to occur at Reynolds numbers as low as 200 in the presence of a stenosis. 10 " 12 Red cells also increase turbulent intensity for Reynolds numbers of 500 or less, 19 values which are commonly found in the cardiovascular system and particularly in stenotic segments of arteries. Flow separation has been observed distal to mild stenoses in model systems at flow velocities equivalent to those in the coronary arteries at rest. 10 12 ' 20 Localized boundry layer separation also has been demonstrated in association with the roughened intima of minimally diseased femoral arteries in 21 man.
In this study, the pressure-flow characteristics of coronary stenoses during a cardiac cycle under resting control conditions in unsedated dogs were described by a quadratic equation containing a linear term describing the pressure loss due to viscous friction and a nonlinear term describing the pressure loss due to flow separation at the distal end of the stenosis. The findings, therefore, demonstrate the validity of Young's general equations as applied to the awake animal under resting conditions during the diastolic phase of coronary flow. However, the application of his equations over a wide range of increased coronary flows in vivo was complicated by two physiological characteristics of the coronary circulation not accounted for by in vitro models, by plastic plug stenoses, or in anesthetized preparations. The first of these was the effect of systole on the pressure-flow characteristics of a coronary stenosis. With mild to moderate stenoses, the phasic pattern of coronary flow was little changed. Systolic compression produced a rise in distal coronary pressure before aortic pressure with a momentary reversal or decrease in the stenosis pressure gradient and a subsequent deceleration or fall in coronary flow. This observation suggests that some pressure energy was momentarily transmitted directly to the coronary circulation during early systole independent of and without being transmitted from the aorta through the stenosis to the distal coronary artery. Consequently, the effects of deceleration were not closely dependent on the geometric characteristics of the stenosis. At the end of systole, myocardial relaxation resulted in a sudden fall in distal coronary pressure before the diastolic fall in aortic pressure. There was a corresponding increase in aortic to coronary pressure gradient and subsequent acceleration of coronary flow. These inertial effects of deceleration and acceleration both were relatively independent of the geometric characteristic of the stenosis but were affected by heart rate, the vigor of myocardial contraction, compliance of the epicardial coronary arteries, and the rate of myocardial relaxation at end systole. 22 ' M With more severe stenoses, the characteristic phasic pattern of coronary flow was damped out. Systolic flow increased and diastolic flow decreased with little change in mean flow. Elliot et al., 24 Buckberg et al., 25 Bache et al., 26 and Ball et al. 27 have previously reported this paradoxical increase in systolic flow during progressive stenosis. However, the phasic changes in the stenosis pressure gradient did not become damped and the pressure gradient during systole was less than that during diastole despite relatively equal coronary flow. Consequently, the pressure-flow relationship of a severe stenosis was different during systole than during diastole due to the pressure energy transmitted directly to the coronary circulation by myocardial compression independent of energy transmitted from aortic pressure through the stenosis. The gradient-flow relationship during systole was therefore shifted rightward and downward, indicating a lower gradient for a given flow in systole as compared to diastole. With still more severe constriction, mean coronary flow fell. The pattern of flow then followed that of aortic pressure, with the greatest flow occurring during systole and lowest flow during diastole. These effects of myocardial contraction and relaxation on the fluid dynamics of a stenosis are unique to the coronary circulation and do not apply to systemic arteries.
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The second important characteristic of the intact coronary circulation not accounted for by in vitro models or plastic plug stenoses is active vasomotor change of large epicardial coronary arteries which may alter overall or hydraulically functional stenosis geometry despite a fixed stenotic segment of the artery. The degree to which epicardial coronary arteries can vasodilate is reported to range from a 2% to 163% increase in size depending on whether animals or humans were studied, on the extent of diffuse disease in the arterial wall, on the technique for measuring diameter changes, and on the stimulus for 34 Similarly, a small increase in divergence angle from only 10-30° will markedly increase flow separation, whereas greater changes of more acute angles, e.g., 40-90°, have little additional effect. 8 -9 Thus, even a modest increase in percent diameter narrowing and increased divergence angle resulting from epicardial artery dilation adjacent to a fixed stenosis may have significant hemodynamic effect. In intact unsedated dogs in this study, the coronary artery distal to the stenotic segment was normal and the effects of vasodilation on the geometry of the stenosis probably were greater than would have occurred with diffuse involvement of the arterial wall by atherosclerosis. However, in man, considerable dilation of epicardial arteries has been documented 30 ' 35 and reportedly makes the relative percent stenosis of coronary lesions appear worse on angiograms than before vasodilation. 31 Therefore, the hemodynamic effects we observed in intact, awake dogs are pertinent to patients with coronary disease. A major point is that a coronary stenosis in an individual artery may vary geometrically over a period of minutes and its effects may therefore be dynamic depending on the physiological characteristics of the entire coronary vascular tree. To view a coronary stenosis as a fixed, pipe-like lesion therefore may be inappropriate, particularly for isolated lesions.
The angiographic results in this study only qualitatively indicate that altered stenosis geometry causes augmented pressure loss at high coronary flows after coronary vasodilators. Quantitative, i.e., definitive proof of this concept requires quantitative computer analysis of orthogonal coronary arteriograms taken at rest and after vasodilation to determine whether the hydrodynamic equation characterizing a stenosis can be predicted from angiographic geometry alone. Such a study currently is underway.
Appendix
Young et al.'°~1 2 have demonstrated that the energy or pressure loss due to constriction of a tube through which liquid flows can be accounted for by viscous friction between layers of fluid in the stenotic segment accoording to the Hagen-Poiseuille law and by flow separation or vortex formation (eddying or swirling) at the downstream end of the stenosis. The equations of Young et al. were adapted in simplified form for this study as follows. The pressure loss, AP, due to a 50% or greater diameter constriction of a tube is related to flow velocity, V, through the tube according to a general quadratic equation which may be written AP = FV + SV 2 , where F is the coefficient of viscous friction loss and is dependent on absolute blood viscosity in poise, absolute diameter of the stenotic segment in centimeters, the length of the stenosis in centimeters, and the ratio of the cross-sectional area of the normal coronary artery proximal to the stenotic segment to the area of the stenotic segment. S is the coefficient of pressure loss due to flow separation at the downstream end of the stenosis and is dependent on blood density, on the ratio of the cross-sectional area of the normal artery just distal to the stenotic segment to the cross-sectional area of the stenotic segment, and on the divergence or exit angle as described by Daugherty 8 and Daily. 9 Since blood viscosity and density are relatively constant, the coefficients, F and S, therefore depend on various geometric characteristics of the stenosis. As discussed in the text, the pressure loss due to a coronary stenosis is related to coronary flow velocity during a single cardiac cycle according to a general equation having the form shown above. However, the equation does not contain a term to account for altered stenosis geometry caused by dilation of the coronary artery just distally adjacent to the fixed stenotic segment. In this experimental preparation, vasodilation of the coronary artery proximal to the stenotic segment did not occur due to encasement of the artery by the Doppler transducer and tissue scarring. The effect of vasodilation just distal to the stenotic segment would be to increase the ratio of the diameter of the normal artery just distal to the stenotic segments to the diameter of the stenosis. This worsening of relative stenosis at the distal end of the lesion would theoretically cause greater pressure losses due to flow separation as reflected in a larger value of the separation coefficient, S, and documented in the text. An additional term can be added to the quadratic equation to account for this augmented separation loss and is derived as follows. The general equation relating pressure loss, AP, to flow velocity, V, is: AP = FV + SV 2 (1) where the separation coefficient, S, is described by the equation S = f (A r /A s -I) 2 (2) where p is blood density, k is a constant ranging from 0 to 1.2 depending on the exit or divergence angle, 8 ' 9 A r is the internal cross-sectional area of the normal coronary artery at rest without vasodilation, and A s is the crosssectional area of the stenotic segment. 10 The second term is the same as that in the equation for the separation coefficient at resting coronary flows. The equation can therefore be written as: AP = FV + SV 2 + ^ [AA 2 + 2AA(A r -A 9 )]V 2 (3) For stenoses of 50% or greater, AA 2 is much smaller than 2AA (A r -A s ), the expression within the square brackets can be approximated by the term, 2AA (A r -A s ), and Equation 3 can be written as: AP = FV + SV 2 + ^f [2AA(A r -A S )]V 2 . (4) In Equation 4, the pressure loss, AP, is related to flow velocity (V) by a series of coefficients dependent on the geometric characteristics of the stenosis. However, the increment in the cross-sectional area of the normal artery, AA, is a geometric characteristic which is dependent on the degree of vasodilation and therefore related to flow velocity, V. Therefore, AA is not an independent variable in the sense that the other geometric characteristics are. It is reasonable to assume that the relative change in the diameter of the normal coronary artery is proportional to the relative change in coronary flow velocity. This relationship may be expressed as: (5) where AV = (V -V r ) and V r is coronary flow velocity at rest without vasodilation and V is flow velocity at any time during vasodilation. With substitution of Equation 5 for AA, expansion and rearranging terms, Equation 4 becomes:
AP = FV + SV 2 + f (^-^) (^--l V (6)
AP = FV + SV 2 + D I ¥--1 IV (7) where D is the dilation coefficient reflecting the altered geometry of the stenosis during vasodilation, as shown by Equation 6 . The ratio V/V r is that of the instantaneous flow velocity during vasodilation to that at rest. At rest in the absence of vasodilation, this ratio equals one and the third term drops out leaving the simple quadratic equation (Equation 1) applicable to individual cardiac cycles at resting coronary flows. Equation 7 is the general equation used to describe pressure gradient-flow velocity relationships over the entire range of coronary flows during coronary vasodilation, as shown in the text.
